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ABSTRACT
We present results from GMRT and Chandra observations of the NGC 1550 galaxy group.
Although previously thought of as relaxed, we show evidence that gas sloshing and active
galactic nucleus (AGN) heating have affected the structure of the system. The 610 and 235MHz
radio images show an asymmetric jet−lobe structure with a total size of ∼33 kpc, with a sharp
kink at the base of the more extended western jet, and bending of the shorter eastern jet as it
enters the lobe. The 235−610 MHz spectral index map shows that both radio lobes have steep
spectral indices (α610235 ≥ −1.5) indicating the presence of an old electron population. The X-ray
images reveal an asymmetric structure in the hot gas correlated with the radio structure, as well
as potential cavities coincident with the radio lobes, with rims and arms of gas that may have
been uplifted by the cavity expansion. The X-ray residual map reveals an arc shaped structure
to the east that resembles a sloshing cold front. Radio spectral analysis suggests a radiative
age of about 33 Myr for the source, comparable to the sloshing timescale and dynamical
estimates of the age of the lobes. An estimate of the mechanical energy required to inflate the
cavities suggests that the AGN of NGC 1550 is capable of balancing radiative losses from the
intragroup medium (IGM) and preventing excessive cooling, providing that the AGN jets are
efficiently coupled to the IGM gas. In conclusion, we find evidence of sloshing motions from
both radio and X-ray structures, suggesting that NGC 1550 was perturbed by a minor merger
or infalling galaxy about 33 Myr ago.
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1 INTRODUCTION
It is now well known that the central gas in the cores of both galaxy
clusters and groups is heated by some mechanism. The evidence
for this comes from the central temperatures which are found to
be significantly higher than the ones predicted by radiative cooling
models (Fabian et al. 1994; Peterson & Fabian 2006) for the hot X-
ray emitting intragroup/intracluster medium (IGM/ICM) gas that is
? E-mail: k.kolok@nwu.ac.za (KK)
cooling on timescales shorter than the Hubble time (e.g., Sanderson
et al. 2006). A potential source of heating that is capable of compen-
sating for the observed radiative losses (feedback) and regulating
gas cooling, is energy injection by the central region of an active
galactic nucleus (AGN; McNamara & Nulsen 2007). However, al-
though several studies have shown that heating from AGN feedback
is sufficient to balance cooling (e.g., Gitti et al. 2007; Giacintucci
et al. 2011; O’Sullivan et al. 2011c), the nature of the AGN feedback
heating mechanism and the details of energy transfer from the radio
jet to the ambient ICM/IGM are yet to be understood.
© 2020 The Authors
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The impact on the thermal state of a group/cluster of dynamical
or thermodynamic disturbances, such as mergers or outbursts of the
central AGN, is imprinted in the complex morphology of the X-ray
substructures in the IGM/ICM. Physical processes, such as bulk
motions and shocks induced by mergers, generate turbulence in
certain areas that expand and heat up the surrounding ICM/IGM
gas (Bykov et al. 2015). A merging event may also disrupt or trigger
a radio AGN outburst. A deeper understanding of the events taking
place in the intragroup medium along with the effect on radiative
outbursts emanating from the central region is provided by the
study of systems using both X-ray and radio data. Such studies have
revealed cavities in the X-ray brightness in clusters (e.g., Bîrzan
et al. 2004; Gitti et al. 2007; Fabian et al. 2011; McNamara &
Nulsen 2012) and groups (e.g., O’Sullivan et al. 2011b; David et al.
2011; O’Sullivan et al. 2017; Schellenberger et al. 2017; Liu et al.
2019).
The galaxy−group environment, although not as massive or X-
ray luminous as galaxy clusters, presents a gas fraction that varies
significantly (by a factor of ∼2 at any given temperature) within
r2500 compared to clusters (Randall et al. 2009), with gas fraction
being closely correlated to short central cooling time rather than
entropy (Gastaldello et al. 2007; Sun et al. 2009). Hence, due to
the shallower gravitational potential and low central density, the
effects of heating by a central AGN can be pronounced in the group
environment. However, following the hierarchical growth model,
galaxy groups and clusters in the local Universe are also constantly
involved in an efficient gravitational process that can affect the
central gas and transform their galaxies: mergers (e.g., Toomre &
Toomre 1972). Through this process, clusters grow via sequential
mergers and accretion of smaller systems — subclusters, galaxy
groups and galaxies. Groups grow mainly through the infall of in-
dividual galaxies. As galaxy groups are found to merge at a rate
higher than clusters (∼2 orders of magnitude more often; Mamon
2000) they are an ideal environment and an excellent opportunity
to study both gravitational (e.g., tidal interactions, sloshing) and
non-gravitational (AGN feedback heating) processes that take place
in the centres of groups, where there is more, and faster, galaxy evo-
lution and heating is more important (e.g., Mulchaey & Zabludoff
1998; Hashimoto & Oemler 2000).
During a merger event, ‘sloshing’ is the most common phe-
nomenon seen in Chandra observations of both groups (Machacek
et al. 2011) and clusters of galaxies (Markevitch & Vikhlinin 2007,
e.g., A3560;Venturi et al. 2013) . In the case of galaxy groups, gas
sloshing takes place when a galaxy (perturber) passes near the cen-
tral galaxy in an off-axis interaction (Ascasibar&Markevitch 2006).
In particular, this kind of interaction can offset the gas surrounding
the core causing its oscillation around the centre of the dark matter
potential, leading to a spiral morphology visible in both the temper-
ature and density structures (Ascasibar & Markevitch 2006). The
characteristic feature of sloshing is a cold front, or contact discon-
tinuity, with such a spiral morphology. Both the temperature and
density of the gas jump at the sloshing front, but the pressure profile
typically remains continuous. The investigation of cold fronts and
especially sloshing effects is of great significance as both have an
impact on gas heating, enrichment, blending, and turbulence (e.g.,
as in NGC 5098; Randall et al. 2009). However, although several
cold fronts have been identified by Chandra in clusters and groups,
sloshing cold fronts have been revealed in fewer systems (e.g., Maz-
zotta et al. 2001; Dupke et al. 2007 Gastaldello et al. 2009, Randall
et al. 2009). The mechanism of sloshing has been investigated nu-
merically in several studies (e.g., Ascasibar & Markevitch 2006;
ZuHone et al. 2011; Roediger et al. 2011).
In this paper we describe a combined radio–X-ray study of
the nearby (z=0.0124) galaxy group centred on NGC 1550. This
group has a mass M500=3.2+0.3−0.4 × 1013 M (Sun et al. 2009) and is
one of the brightest groups of galaxies in the X-ray sky (Sun et al.
2003). NGC 1550 was classified as a fossil group by Jones et al.
(2003) indicating that the galaxy population is strongly dominated
by the central elliptical. However, Sun et al. (2003) showed that it
does not meet the definition of the class, having several galaxies <2
mag fainter in R-band within 0.5Rvir. Nonetheless, NGC 1550 has
been considered a relaxed system, with no evidence of dynamical
interactions. Dunn et al. (2010) observed the NGC 1550 galaxy with
the VLA at 1.4 GHz, finding an asymmetric jet extending roughly
east-west. However, the spatial resolution of the data was such that
no clear lobes were visible, but only two blobs of bright emission
in the jet, one overlapping the nucleus and another one extending to
the west.
We investigate the radiative properties and dynamical state of
NGC 1550, presenting results from the Giant Metrewave Radio
Telescope (GMRT) at 235/610 MHz and archival X-ray observa-
tions from the Chandra X-ray observatory. We determine the ra-
dio source’s radiative age and examine in detail its energetics and
the dynamical properties of the X-ray emitting gas. NGC 1550 is
part of the Complete Local-Volume Groups Sample (CLoGS). An
overall description of CLoGS and the X-ray properties of the high–
richness sub-sample are given in O’Sullivan et al. (2017). See also
the description of the radio properties in Kolokythas et al. (2018).
NGC 1550 was included in the analysis of the radio properties of
the CLoGS low–richness sub-sample (Kolokythas et al. 2019) and
the GMRT 235 and 610 MHz images were presented in that paper.
Those images form the basis of the more detailed analysis presented
in this work.
We organize the paper as follows. In Section 2 we describe the
GMRT observations along with the X-ray and radio data analysis. In
Section 3 we present results from the radio and X-ray observations,
and provide a radio spectral index map, perform spectral ageing
modeling fits, examine the distribution of the X-ray emission, and
estimate the effect of the radio jets from the cavity energetics. In
Section 4 we discuss the radio source’s age along with the pro-
cesses that have taken place during its development, suggesting the
most likely scenario for its current state and morphology. Lastly, in
Section 5 we present the conclusions of this study.
We adopt a redshift of z = 0.0124 and a distance of 53 Mpc
for the source (as in O’Sullivan et al. 2017 and Kolokythas et al.
2019) giving an equivalent angular scale of 0.257 kpc arcsec−1.
2 OBSERVATIONS AND DATA REDUCTIONS
2.1 Giant Metrewave Radio Telescope
NGC 1550 was observed for ∼3 hours (on source time) using the
GMRT in dual 235/610 MHz frequency mode, in cycle 21, during
2011 December. The data for both frequencies were recorded us-
ing the upper side band (USB) correlator providing an observing
bandwidth of 32 MHz at both 610 and 235 MHz.
Data collection was performed using 512/256 channels, at
a spectral resolution of 65.1/130.2 kHz per channel, for the
610/235 MHz bands, respectively. A summary of the observations
can be seen in Table 1.
The data were processed as described in Kolokythas et al.
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Table 1. Details of GMRT observations for NGC 1550. The columns give the observation date, frequency, time on source, beam parameters and the rms noise
in the resulting image.
Observation date Frequency On source time Beam, P.A. rms
(MHz) (minutes) (Full array ′′×′′, ◦) (mJy beam−1)
2011 Dec 610 187 5.66 × 3.96, 89 0.04
2011 Dec 235 187 14.28 × 10.65, 89 0.45
Table 2. Summary of the Chandra observations.
ObsID Observation date Instrument Cleaned/uncleaned
exposure (ks)
3186 2002 Jan 08 ACIS-I 9.7/10.0
3187 2002 Jan 08 ACIS-I 9.1/9.7
5800 2005 Oct 22 ACIS-S 44.5/44.5
5801 2005 Oct 24 ACIS-S 44.5/44.5
(2019), using the spam pipeline1, a python based extension to
the NRAO Astronomical Image Processing System (aips) package
(Intema 2014). Only a brief summary of the data analysis procedure
is given here. For more details regarding the spam pipeline and the
algorithms of the spam package see Intema et al. (2009, 2017).
The first stage of the spam pipeline converts the raw LTA
format data collected from the observations into pre-calibrated vis-
ibility data sets (UVFITS format). The second stage converts these
visibilities into a final Stokes I image (in FITS format), via several
repeated steps of (self)calibration, flagging, andwide-field imaging.
This stage includes direction-dependent calibration, radio frequency
interference (RFI) mitigation, imaging and ionospheric modeling
that adjusts for the dispersive delay in the ionosphere (Intema et al.
2017).
The flux density scale was set from the flux calibrator (3C 147)
using the model of Scaife & Heald (2012). We adopt an uncer-
tainty on the flux density measurements of 5% at 610 MHz and
8% at 235 MHz to account for residual amplitude calibration errors
(Chandra et al. 2004).
2.2 Chandra
NGC 1550 has been observed by Chandra four times, twice using
the Advanced CCD Imaging Spectrometer (ACIS) in its I configu-
ration, and twice with ACIS-S. A summary of the Chandramission
is provided in Weisskopf et al. (2002), and Table 2 contains a sum-
mary of the observations. All four observations were performed in
VFAINT data mode. The data were processed using ciao 4.11 and
CALDB 4.8.2. Our reduction followed the approach laid out in the
Chandra analysis threads2 and O’Sullivan et al. (2017).
Very faint mode filtering was applied to all datasets, and
periods of high background (flaring) were filtered out using the
lc_clean script. We used the standard set of Chandra blank-sky
background files to create background spectra and images, normal-
izing to the 9.5-12 keV count rate of the observations. All obser-
vations were reprojected onto a common tangent point, and com-
bined images and exposure maps created using reproject_obs and
1 For more information on how to download and run spam see http:
//www.intema.nl/doku.php?id=huibintemaspam
2 http://cxc.harvard.edu/ciao/threads/index.html
merge_obs. Point sources were identified using the wavdetect
task, and removed. For imaging analysis we used the combined
0.5-2 keV images. Spectra and responses were extracted from each
observation individually, and combined for front and back illumi-
nated chips separately. Surface brightness modelling was performed
in ciao sherpa v4.11 (Freeman et al. 2001).
Spectral fitting was performed in Xspec v12.10.1 (Arnaud
1996). We adopted a hydrogen column of 1.02×1021 cm−2, drawn
from the Leiden-Argentine-Bonn survey (Kalberla et al. 2005). We
adopted the solar abundance ratios of Grevesse & Sauval (1998).
3 RESULTS
3.1 Radio images and source morphology
Figures 1 and 2 present the GMRT 610 and 235 MHz images of
NGC 1550 at resolutions of∼5.7′′× 4.0′′ and∼14.3′′× 10.7′′ respec-
tively. In both figures (left panels) the radio contours are overlaid
on the red optical Digitized Sky Survey (DSS) images and at both
frequencies we observe an asymmetric jet−lobe structure roughly
aligned along the east−west axis. We note that the radio axis does
not necessarily correspond to the optical galaxy’s major or minor
axis (see, e.g., Davies & Birkinshaw 1986).
We observe that the eastern lobe appears to be adjacent to the
core at 235 MHz because of the lower resolution at this frequency,
with the radio source having no clear indication of an eastern jet at
235 MHz. Assuming the source to be in the plane of the sky, with
no significant projection effects, the eastern lobe is found to extend
∼12 kpc from the optical nucleus of the galaxy at this frequency
whereas the western lobe and jet extend ∼2× farther on the opposite
side, out to ∼21 kpc from the core. The western jet is clearly visible
as a separate structure at both frequencies. At 610 MHz, the higher
resolution image provides insight on several previously-unknown
interesting features of the radio source: a) a small (∼2 kpc in extent)
eastern jet-like structure is visible and appears to be terminating at
an elongated hotspot-like structure that is bending towards the south
while being enclosed by the eastern lobe, b) the western jet presents
a sharp bend or kink to the south ∼2 kpc west of the nucleus, before
continuing relatively straight to the western lobe and c) the western
jet appears to be fainter in the middle, at ∼4.5 kpc between the
southern bend and the western lobe.
Table 3 summarizes the properties (flux density, radio power
and spectral index3) of the radio source as a whole and Ta-
ble 4 presents the properties of its individual components (core,
jets and lobes). The largest projected linear size of the source is
127′′/ 32.6 kpc at 235MHz. The eastern jet extends∼4 kpc whereas
the western counterpart appears to extend∼10 kpc before it expands
into the western lobe. The western lobe is fainter than that in the east
3 spectral index α is defined as Sν ∝ να where ν is frequency and Sν is the
flux at that frequency
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Table 3. Radio flux densities, radio power and spectral indices of NGC 1550. The columns list the total flux density at 235 and 610 MHz, the 235−610 MHz
spectral index, the flux density at 1.4 GHz (drawn from the literature), the 235−1400 MHz spectral index, the flux density at 150 MHz (drawn from the
literature), the 150−235 MHz and the 150−610 MHz spectral indices, the radio power at 235 and 610 MHz and the largest projected size of the radio source at
235 MHz.
S235MHz S610MHz α610235 S1.4GHz α
1400
235 S150MHz α
235
150 α
610
150 P235MHz P610MHz Projected size
±8% (mJy) ±5% (mJy) (±0.04) (mJy) (±0.06) (±0.06) (±0.05) (1023 W Hz−1) (1023 W Hz−1) (kpc × kpc)
223.0 62.0 -1.34 17±2a -1.44 404±41b -1.38 -1.35 0.752 0.209 32.6 × 15.8
a Brown et al. (2011) b Calculated from the mosaic of TGSS-ADR (Intema et al. 2017)
Table 4. GMRT radio flux densities, spectral index and projected area of the components in NGC 1550. The columns list the flux density at 235 and 610 MHz,
the 235−610 MHz spectral index and the projected area of the core, the eastern and western lobes at 235 and 610 MHz respectively.
Component S235MHz S610MHz α610235 Projected Area Projected Area
±8% (mJy) ±5% (mJy) ±0.04 at 235 MHz (kpc2) at 610 MHz (kpc2)
Core ≤ 4.3 ≤ 3.4 − ≤ 4 ≤ 3
East jet 8.3 2.6 −1.22 9 5
West jet 17.1 5.6 −1.17 34 24
East lobe 118.5 25.9 −1.59 135 58
West lobe 54.5 12.7 −1.53 86 45
Table 5. Integrated radio flux densities for NGC 1550 drawn from the
literature.
ν Flux density Reference
(MHz) (mJy)
88 742±59a Hurley-Walker et al. (2016)
119 523±42a Hurley-Walker et al. (2016)
155 405±32a Hurley-Walker et al. (2016)
201 304±24a Hurley-Walker et al. (2016)
150 404±41b Intema et al. (2017)
1400 17±2c Brown et al. (2011)
2380 8±3c Dressel & Condon (1978)
a Calculated from the mosaic of GLEAM survey
b Calculated from the mosaic of TGSS-ADR
c Extracted from NED4
Table 6. Synage++ spectral aging model fit parameters for power-law, CI
and JP models for the integrated spectrum of NGC 1550 shown in Figure 3.
Model Fits Break frequency αinj Reduced χ2
(MHz)
power-law - 1.37+0.01−0.06 0.67
CI 457+139−394 1.02
+0.06
−0.17 0.37
JP 4601+1210−2912 1.07
+0.03
−0.20 0.36
Excluding 2.38 GHz
power-law - 1.37+0.01−0.06 0.76
CI - 1.35+0.01−0.05 1.13
JP 3714+375−2298 1.04
+0.05
−0.21 0.35
and in projection is ∼36% smaller at 235 MHz and ∼22% smaller
at 610 MHz.
The radio core is unresolved in our 610 MHz image. The
angular size of the beam at this frequency is ∼ 1.46 kpc × 1.02 kpc,
but the size of the core is most likely smaller than this and we may
be overestimating its projected area shown in Table 4. Examining
Very Large Array (VLA) archival data (project code AE110) we
find that the core is detected as an unresolved point radio source
at 4.9 GHz with a flux density of ∼0.94 mJy (rms 0.15 mJy/beam,
6′′ × 4′′ resolution), presenting no sign of an extended emission.
VLA 8.4 GHz data (project code AB878) show no radio emission at
the position of NGC 1550 (rms 0.18 mJy/beam, ∼0.8′′ resolution).
Examining also observations from the first epoch of the Very Large
Array Sky Survey (VLASS), we find that a compact radio source of
∼0.5 mJy (rms∼0.1 mJy) is barely detected at the core of NGC 1550
from the high resolution (∼2.5′′), ∼3 GHz (S-band) observations.
It therefore seems likely that the core is unresolved in all these
datasets, and we treat the estimates of its radio properties in Table 4
as upper limits.
3.2 Radio spectral analysis
To comprehend the nature of the various components of the radio
emission in NGC 1550, we used the GMRT data analysed in this
work to perform a spectral study of the radio source in the 235 −
610 MHz frequency range. The GMRT data were also combined
with data from the literature in order to estimate the integrated radio
spectrum using several different frequencies in the range between
88 MHz − 2.38 GHz. The flux densities are summarized in Table 5.
The total spectrum of the source and the integrated model fits are
discussed in § 3.2.1 with the spectral index images of the source and
the description of the spectral index profile distribution presented in
§ 3.2.2. The calculation of the physical parameters and the radiative
ages of the total source and its individual components are described
in § 3.2.3 along with the description of the relevant spectral model
fits.
3.2.1 Integrated radio spectrum and spectral fits
The integrated radio spectrum of NGC 1550 was derived between
88 MHz and 2.38 GHz using flux density values from the literature
MNRAS 000, 1–17 (2020)
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Figure 1. Left:GMRT 610 MHz radio contours overlaid on a DSS optical image of NGC 1550. Right:GMRT 610 MHz radio image and contours of the galaxy.
In both panels Right ascension is on the x-axis and Declination is on the y-axis. Contour levels start at 3σ and rise in steps of a factor of 2, with the 1σ rms
noise being ∼ 0.04 mJy beam−1 at this frequency.
Figure 2. Left: GMRT 235 MHz radio contours overlaid on a DSS optical image of the galaxy. Right: GMRT 235 MHz radio image and contours of the galaxy.
In both panels Right ascension is on the x-axis and Declination is on the y-axis. Contour levels start at 3σ and rise in steps of a factor of 2, with the 1σ rms
noise being ∼0.4 mJy beam−1 at this frequency.
(Table 5) along with our GMRT data at 235 and 610 MHz (Ta-
ble 3). The flux density measurements at 235 and 610 MHz were
obtained using the task TVSTAT in AIPS, integrating within the 3σ
contour level at each frequency. The 150 MHz data were extracted
from the TGSS Alternative Data release (ADR; Intema et al. 2017)
catalog with the 150 MHz flux density value used for the inte-
grated spectrum analysis not being the one reported (332±34 mJy)
in the TGSS-ADR catalog, but integrated directly from the TGSS-
ADR mosaic image. The flux density values at 88 MHz, 119 MHz,
155MHz and 201MHzwere extracted from thewide-band observa-
tions of the GLEAM (GaLactic and Extra-Galactic All-Sky MWA;
Hurley-Walker et al. 2016) survey, by also integrating the flux den-
sity directly on the images. In addition to these measurements, we
include from NED4 the flux density at 1.4 GHz from Brown et al.
(2011) and the 2.38 GHz Arecibo single dish measurement from
Dressel & Condon (1978).
Although the GLEAM survey and the 1.4 GHz measurement
use a different flux density scale (Baars et al. 1977) to that used for
TGSS-ADR survey and our analysis (Scaife & Heald 2012) we note
that the difference between the two scales is of the order of ∼3 per
cent or less (Perley & Butler 2017), which we consider negligible.
We performed three different radiative aging model fittings of
the integrated spectrum over 9 frequencies between 88 MHz and
2.38 GHz using the Synage++ package (Murgia 2001). Figure 3
shows the total broad-band spectrum of NGC 1550 along with the
spectral aging model fits. The details of the model fits are shown
4 NASA Extragalactic Database (NED; https://ned.ipac.caltech.edu/)
MNRAS 000, 1–17 (2020)
6 K. Kolokythas et al.
Figure 3. Integrated spectral fitting of NGC 1550 using 3 different models:
power-law, CI and JP. Table 6 provides the fit parameters for the different
models used.
in Table 6. We find that the GMRT data points align well with
the data from the literature with the total integrated radio spectral
index being α2380MHz88MHz = −1.64 ± 0.17. The solid black line in
Figure 3 indicates the model fit of a simple power-law for the source
with αinj = −1.37+0.01−0.06. We note that the simple power-law fit is
in good agreement with the literature data and that similar steep
spectral indices within uncertainties are also found in the narrower
frequency ranges, (see Table 3). The derived spectrum for the source
is therefore steep and mainly dominated by its radio lobes.
A second model fit was performed using the continuous in-
jection model (CI model; Kardashev 1962) where a continuous
injection/flow of particles from the radio source’s core is assumed.
The third model fit was performed using this time the Jaffe & Per-
ola model (JP model; Jaffe & Perola 1973) in which the particles
originate from a single injection and the timescale for continuous
isotropization of the electrons is assumed to be much shorter than
the radiative timescale (the pitch angle of the particles is considered
to be constant). The flux density measurement at the highest radio
frequency available in the literature made by the Arecibo telescope
at 2.38 GHz plays an important role in the determination of the
source’s break frequency, but its large uncertainty makes this task
difficult. In order to map in detail the variation of the break fre-
quency in respect to the models used, we performed two separate
spectral fits for each of the CI and JP models, one that includes the
2.38 GHz data in the analysis and another one that excludes them
(Figure 3). We find that both the CI and JP models give a break for
the spectrum of the radio source only if the 2.38 GHz data are in-
cluded, but at very different frequencies.We note that the power-law
fit gives no estimate of the break frequency for the radio spectrum.
For the CI model with the 2.38 GHz data included in the analysis,
we find a break frequency of νbreak ∼457MHz with the one from JP
giving a break at νbreak ∼4.6 GHz. Excluding the 2.38 GHz data we
only get a break frequency for the JP model at νbreak ∼3.7 GHz. We
find an order of magnitude discrepancy between CI and JP models
on the νbreak. The inconsistency in the estimated break frequencies
between the fitted CI and JPmodels can be attributed to the different
natures of the two models and the large uncertainty at the highest
frequency available from the single dish 2.38 GHz value. Hence,
due to very little reliable spectral structure for a definite age to be
extracted, we onlymention as indicative the calculated age estimates
in 3.2.3 and do not include the results from the integrated spectrum
in the later discussion of source’s age. More high frequency data
for this source are required in order to discriminate between the two
models.
3.2.2 Radio spectral index profile analysis
We can use our GMRT data to constrain the nature of the bent jet
morphology visible in the high resolution 610 MHz image, and the
lobe structure enclosing the jets at 235 MHz. We initially made a
new primary-beam-corrected 610 MHz image in order to match the
uv range, cell size and restoring beam (14.28′′ × 10.65′′) of the
235 MHz image. As a consequence, the quality of the 610 MHz
image used to derive the spectral index distribution is poorer than
the original produced from the analysis presented in Figure 1. The
spectral index map was then produced by combining the 235 MHz
image with the matched 610 MHz image using the task ‘COMB’
in AIPS. The flux density for each frequency in the spectral index
image was clipped at the 3σ level of significance. The spectral index
image is shown in Figure 4.
Figure 4 shows that the core area presents a typical value for
an AGN outburst ≈ −0.5 with the area north of the core (orange/red
color) having the flattest spectral index of the radio source. The
spectral index in both lobes ranges between ≈ −1.2 and −1.8 (see
also Table 4), with the spectral index of the radio emission in the
lobes appearing to steepen as onemoves away from the core.Wenote
here that the steepest spectral index values in the lobes are observed
in the areas where the 610 MHz radio emission is the faintest,
just above the 3σ level of significance at the original resolution
(α ≈ −1.9; light/dark blue). The expected higher error of the spectral
index in these areas means they should be treated with caution. The
eastern jet presents a steep spectral index value of α610MHz235MHz =−1.22 ± 0.04, whereas the more extended western jet presents also
a steep spectral index of α610MHz235MHz = −1.17 ± 0.04, which both
indicate past activity. The larger and more visible west jet appears
to have a spectral index that ranges between about −1 and −1.3.
Both lobes show spectral indices α610MHz235MHz ≈ −1.50 ± 0.04,
indicating the presence of an older electron population than the
one observed in the jets. The fact that the spectrum of the core is
not flatter suggests that it most probably includes emission from an
inner jet (which might be expected to have a spectral index of about
-0.7 to -0.8 as in, e.g., 3C66B, Hardcastle et al. 2001) and/or the
lobe, as steep-spectrum lobe emission is visible in its vicinity.
Whereas the integrated spectrum accounts for the source’s
emission in total, blending various areas of the source that may
have different ages or origin, in the point-to-point spectral profile
analysis we focus on extracting spectral information from specific
regions trying not to mix up emission from distinct source compo-
nents. A point-to-point spectral index profile analysiswas performed
by fitting the observed spectral index trend along the source’s axis,
from the source’s core towards the western lobe, following themeth-
ods used in Parma et al. (2007); Giacintucci et al. (2008); Murgia
(2003). The Synage++ package has the ability to account for spec-
tral indices between two frequencies, hence we modeled the trend
in α610235 . Figure 5 shows the circular and elliptical regions (A5 −
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Figure 4. Spectral index distribution map between 235 and 610 MHz based on images with matched resolution of ∼14′′ HPBW. The contours represent the
235 MHz emission starting at the 3σ level of significance. The beam size is marked by an ellipse at the bottom left. The typical uncertainty of spectral index
is ±0.04 with the values within one beam at the lobe edges being most likely unreliable.
Figure 5. Regions used for point to point spectral profile analysis (A5-A1).
The contours represent the emission at 610 MHz (as for Figure 1).
A1) used, based on the contours of the original highest resolution
610 MHz image. We mapped the trend starting from the region
that most probably consists of the source’s youngest plasma (A5,
core), towards the region with the oldest plasma at the tip of the
western lobe (A1) considering region A1 to be a rising plume of
plasma without any jet input where buoyancy is the dominant effect.
The regions were chosen to be larger than one beam in order that
the spectral index measurements be independent. The radio images
were matched in uvrange, cellsize and resolution. Figure 6 shows
the derived α610235 spectral index distribution in relation to the dis-
tance from the source’s core. We fitted a JP spectral aging model
across regions A5 to A1 under the assumption that the expansion
velocity of the source is constant and that the break frequency,
νbreak, is ∝ d−2 where d is the distance from the central nucleus
of the source (Giacintucci et al. 2008). This argument implies that
the radio emitting electrons are older at larger distances from the
core, which is in accordance with the typical expansion assumption
of lobe sources such as the western part of NGC 1550. The bent
morphology of the eastern lobe indicates a strong interaction of
some sort, hence an estimation of its spectral index trend would not
be representative of the radiative history of the source and would
not provide a trustworthy estimate for the source’s age.
Figure 6 shows the best such model fit to the observed spectral
index data. We find that a JP model gives a νbreak of 1426+684−475 MHz
with αinj = −0.88 ± 0.09. The injected spectral index for the parti-
cles, αinj, is less steep than the spectral index derived for both jets
(see Table 4) with the estimation of νbreak coming with large un-
certainties. The value for the νbreak derived from the point-to-point
spectral index trend analysis differs from the unreliable νbreak val-
ues that we get from the fit of the integrated spectrum (see Table 6;
more details in § 4.3).
3.2.3 Radiative age and physical parameters
In order to estimate the physical parameters (e.g., minimum energy
magnetic field, volume, particle andmagnetic field energy densities)
of the NGC 1550 radio source, we make a few specific assumptions.
First, that the relativistic electrons and magnetic field energy den-
sities are uniformly distributed over the total volume of the radio
source, second that the magnetic field is constant throughout the
lifetime of the radio source and third, that the total energy density
from relativistic electrons and magnetic field is a minimum, which
is similar to the electron and field energy densities being in equipar-
tition (see alsoGiacintucci et al. 2008, 2012). As inKolokythas et al.
(2015), we adopt a low energy cut-off Lorentz factor of γmin = 100
in the energy distribution of the radiating electrons (which corre-
sponds to ≈ 50 MeV) and assume a tangled magnetic field along the
line of sight. In addition, we note that our GMRT flux density mea-
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surement at 610 MHz was used (Table 3) to estimate the source’s
radio luminosity, since the higher resolution at this frequency gives
a more representative view of the morphology of the source.
We carefully select the regions that include every component
at 610 MHz using the radio contours of the image at full resolution.
For each region we obtained the integrated flux density at 610 MHz
and estimated their projected areas. We note here the difficulty
in defining the east jet component as it does not present a clear
extension and is enclosed by the radio lobe (see Figure 7).
For the source in total, and the regions of the components
shown in Figure 7 that cover the corresponding areas of the
NGC 1550 radio source, we assume ellipsoid symmetry about the
major axis to estimate the volume in each jet region (prolate el-
lipsoid) and ellipsoid symmetry about the minor axis (oblate ellip-
soid) to estimate the volume in the lobes. We estimate the minimum
energy magnetic field using the equation (Worrall & Birkinshaw
2006):
Bmin =
(
(α + 1)C1
2C2
(1 + k)
φV
Lννα
γ1−2αmax − γ1−2αmin
(1 − 2α)
)1/(3+α)
, (1)
where α is the spectral index (defined here as Sν ∝ ν−α), C1 and
C2 are constants determined from synchrotron theory via eq (7) and
(56) of the same paper, k is the ratio of energy in non-radiating
particles to that in electrons, φ is the filling factor of the relativistic
plasma, V is the volume of each region, Lν is the radio luminosity
at frequency ν and γmin and γmax are the limits on the electron
energy distribution, expressed as Lorentz factors. We adopt k=0,
φ=1, γmin=100 and γmax=105.
We find minimum energy magnetic field of Bmin ≈ 11 µG for
the source in total, and Bmin values ranging from 11 to 16 µG for the
different areas of the source. Table 7 shows the estimated minimum
energy magnetic field Bmin along with the derived parameters of the
energy density in particles up, the energy density in magnetic field
uB and volume V, for the source and its individual components. We
find that the east jet presents the highest estimate for the Bmin ≈
16 µG, whereas the west jet presents a lower magnetic field value of
Bmin ≈ 10 µG. On the other hand, the east and the west lobe present
estimates of Bmin ≈ 13−15 µGwhich are slightly higher but similar
to that of the total source. We note that the magnetic field values
in the lobes and the source in total are typical of extended passive
radio galaxies.
Based on our ability to choose the size of the elliptical regions
from the 610MHz radio image, and the uncertainty of the flux scale
for our data, we estimate the uncertainties on Bmin to be 5-10 per
cent with smaller uncertainties in the larger regions. We neglect the
uncertainty contribution from spectral index, as it is small compared
to the uncertainty on volume. However, the uncertainties associated
with our assumptions, particularly the low-energy cutoff in the elec-
tron population, are considerably larger than the uncertainties on our
measurements. We therefore emphasize that the values reported in
Table 7 should be considered as approximate and indicative, rather
than precise measurements.
Assuming the prevalence of radiative losses over expansion
losses and ignoring re-acceleration mechanisms, using the νbreak
frequency (e.g., Myers & Spangler 1985; Giacintucci et al. 2012)
calculated from the point-to-point spectral index analysis in § 3.2.2,
the total radiative age, trad, of the radio source in NGC 1550 and the
Figure 6. Spectral index profile along the western jet using the regions A5
to A1 and a JP model assuming that the break frequency scales as d−2
(d=distance along the jet).
radiative age, for every component individually can be estimated by
means of the relation
trad = 1590
B0.5min
B2min + B
2
CMB
[(1 + z)νbreak]−0.5 Myr, (2)
where νbreak is expressed in GHz, and Bmin and BCMB in µG
(Parma et al. 2007). Bmin is theminimum energymagnetic fieldwith
BCMB = 3.2(1+ z)2 being the equivalent magnetic field strength of
the cosmic microwave background (CMB) radiation at redshift z.
Hence, Equation 2 includes both synchrotron and inverse Compton
losses.
From Equation 2 and the estimated mean minimum energy
magnetic field for the overall source, Bmin ≈ 11 µG, we find a
total radiative age of trad ∼33−6+8 Myr. We use the break frequency,
νbreak = 1426 MHz, derived from the point-to-point spectral profile
analysis for the regions used in § 3.2.2 and find radiative ages of
trad ≈ 20 to 36 Myr in the various components of the radio source
(see Table 7 for more details). We note that the JP model fits to the
integrated spectrum (Table 6) provide a similar age estimate of ≈ 17
to 34 Myr, whereas the CI model gives a 2 − 5 times larger estimate
of ≈ 53 to 165 Myr. We adopt for the radio source in NGC 1550
the total radiative age of trad ∼33 Myr based on the point-to-point
spectral profile analysis.
3.3 X-ray structures
Figure 8 shows the GMRT 610 MHz contours overlaid on a
smoothed, exposure corrected Chandra 0.5-2 keV image of the
group core. The X-ray emission is clearly elongated along a roughly
east-west axis. The X-ray emission peak is located at the optical
centroid of the galaxy, but the brightest emission extends further to
the west than to the east. The eastern margin of the bright emission
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Table 7. Estimation of the approximate physical parameters for the total source of NC 1550 and its components. For the total source age we used the break
frequency of 1426 MHz that comes from the point-to-point spectral profile analysis JP model fit.
Bmin Vtot trad up uB
(µG) (kpc3) (Myr) (10−12 erg cm−3) (10−12 erg cm−3)
Total source 11.0 1040 33.4 4.1 4.8
East lobe 14.9 538 22.0 6.8 8.8
East jet 15.7 4.5 20.4 8.8 9.8
West jet 10.5 38 35.6 4.1 4.4
West lobe 13.4 297 25.5 5.6 7.1
Figure 7. Radio components of NGC 1550. The cyan circle indicates the
position of the core with the grey scale representing the emission at 610MHz
(as for Figure 1). The contours levels start at 3σ level of significance. Table 4
gives the estimated properties for each of the radio components shown here.
roughly corresponds to the position of the east lobe, with the south-
ern half of the lobe falling in a region of reduced surface brightness,
bounded at its southern edge by a curved surface brightness en-
hancement (labelled SE arm). The extended emission to the west
follows the line of the west jet, and there is a hint of a surface bright-
ness depression at the position of the west lobe, partly surrounded
by a slight enhancement.
To investigate these structures further, we carried out 2-
dimensional surface brightnessmodelling, fitting amodel consisting
of an elliptical β-model plus a circular Gaussian to the overall sur-
face brightness. The β-model was intended to subtract the overall
group halo, while the Gaussian approximates any emission from the
galaxy centre. All parameters (positions, normalizations, core ra-
dius, slope parameter β, FWHM of the Gaussian, and the ellipticity
and position angle of the β-model) were allowed to fit freely. We
note that this model was not fitted to derive physically meaningful
parameters, but for completeness the fitted parameters are shown in
Table 8. As expected, the β-model approximates the extended X-ray
halo of the group, while the Gaussian is compact. The centre of the
β-model is <1′′ from the optical centroid of NGC 1550, while the
Gaussian component is offset by∼2′′. The resultingmodel was sub-
tracted from the image to create a residual map showing deviations
from the smooth elliptical distribution. This is shown in Figure 8.
Because the emission in the inner region is elongated and
asymmetrical, our simple elliptical model oversubtracts the emis-
sion immediately around the nucleus, to its south and particularly
to the north; this is the cause of the darkest regions of the map.
Table 8. Best-fitting parameter values and 1σ uncertainties for the X-ray
surface brightness model. Position angle is measured from due east.
Component Parameter value
β-model Centre RA 04h19m37.s99+0.88−0.84
Centre Dec. +02◦24′34.′′21+0.66−0.88
Core radius 7.43+7.94−0.34
′′
β 0.39+0.03−0.01
Ellipticity 0.19±0.05
Position angle -9.0±4.6◦
Gaussian Centre RA 04h19m37.s93+0.50−1.22
Centre Dec. +02◦24′36.′′47+1.72−0.50
FWHM 3.44+3.82−0.53
′′
However, it also highlights the asymmetry of the bright emission
in the group core. As well as the elongation of the emission to the
west, the residuals show that the X-ray emission is more extended
to the south of the optical centroid than to its north. We note that
we attempted to add a second β-model component, to deal with any
additional relaxed gas component (e.g., a cool core) but found that
in the resulting best fit the component was unphysically elliptical.
The fit was clearly driven by the extended emission to the west, but
since this is neither symmetrical nor elliptical, the component was
not able to accurately model it. The additional component made
little difference to the residual image, and did not alter any of the
structures significantly.
The elongated bright emission along the line of the west jet is
visible as a bright residual, at the end of which we see a slight dip at
the position of the west lobe, partly surrounded by the structure la-
belled "SW rim". The SE arm is clearly visible, and we see negative
(dark) residuals in the east lobe. In both cases these structures may
indicate cavities and partial rims of uplifted or compressed gas asso-
ciated with each lobe. However, in the northern half of the east lobe,
there is a plume-like positive residual curving from its inner west
edge through to its northern tip. This could again indicate uplifted
material, and may be seen in projection (i.e., it could be in front
of or behind the lobe). Alternatively, it could indicate that the lobe
structure is complex, with relativistic and thermal plasma structures
mixing. Since plasmamixing would lead to depolarization of the ra-
dio emission, polarization observations could potentially determine
the origin of the structure.
The elongated emission along the line of the jets is unlikely
to be inverse-Compton emission arising from the radio source. It
is anti-correlated with the lobes and broader than the 610 MHz
jet. Based on the radio properties of the west jet, we find the
likely inverse-Compton 0.5-7 keV flux from cosmic microwave
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Figure 8. Chandra 0.5-2 keV exposure corrected images of the core of NGC 1550, smoothed with a 4′′ Gaussian and with the same angular scale and
orientation. The left panel shows the unmodified image with GMRT 610 MHz contours overlaid, starting at 3×rms and increasing in steps of factor 2. The right
panel shows a residual map after subtraction of the best fitting surface brightness model. Ellipses mark the regions used for cavity enthalpy estimation, solid
green for those selected from the X-ray data, dashed cyan for those based on the radio data. Structures discussed in the text are labelled, and the galaxy optical
centroid is marked in both images by a cross. The scales of both images are in units of smoothed counts pixel−1.
background photons to be ∼8.7×10−17 erg cm−2 s−1 (flux den-
sity ∼5.5×10−12 Jy at 1 keV). This is equivalent to roughly one
count over the duration of the ACIS-S observations. We expect the
synchrotron self-Compton flux to be at least three orders of mag-
nitude fainter, and inverse-Compton scattering of starlight or AGN
photons would of course be concentrated in the galaxy centre, rather
than producing the extended emission we observe.
Figure 9 shows the same residual map, smoothed on larger
(10′′) scales. This blurs the structures associated with the radio
lobes, but reveals an arc of positive (bright) residuals east of the
core. The mid-point of this eastern arc is ∼1.75′ from the galaxy
center, and the arc has a width ∼1′.
3.4 Cavity energetics
We estimate the dimensions and position of the potential cavities in
two ways, either from the X-ray surface brightness residual map, or
from the 610MHz radio image. In both cases we assume the cavities
to be oblate ellipsoids. Cavity regions are marked in Figure 8.
In a relaxed system, it is possible to estimate the significance
of cavities from their deficit with respect to the best-fitting surface
brightness model. However, the position of the cavities at the ends
of the east-west excess means that the model of the group as a whole
is not a good predictor of surface brightness at their positions. We
therefore extracted profiles across each cavity using rectangular
regions with E-W width 10 pixels (∼5′′) and N-S height of either
50 (for the W candidate) or 90 pixels (for the E cavity), each profile
having 12 regions crossing the cavity on an E-W axis. The region
heights are chosen to approximate the cavity major axes. We fitted
each of these profiles with a β-model, excluding the four central
bins which contain the cavity and rims. The resulting fits are shown
in Figure 10. In each case, two bins fall >1σ below the model, while
in the west profile, the bin immediately outside the cavity is >1σ
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Figure 9. Chandra 0.5-2 keV residual image, smoothed with a 10′′ Gaus-
sian. The galaxy optical centroid is marked by a cross. The green contours
represent the emission at 235 MHz (as for figure 2). Blue and red coloured
wedges indicate angular (but not radial) ranges used to extract surface bright-
ness and spectral profiles. The image scale is in smoothed counts pixel−1,
but note that since the smoothing scale differs from that of Figure 8 the two
are not comparable.
above the model. Taking the total deficit below the model in the
two bins of the eastern profile, we find that it is 3.5σ significant.
For the western profile, the two-bin deficit is only 1.6σ significant.
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Figure 10. Surface brightness profiles extracted across the two candidate
cavities. Solid lanes and error bars show the data, dotted lines the best fitting
β-models. Note that the horizontal axes only indicate distance along the
profiles, not distance from the galaxy centre.
In both cases the "rim" and "arm" features strongly suggest these
are cavities; the SW rim corresponds to the 8th bin of the western
profile, where we see a surface brightness excess. However, it seems
that a deeper observation would be required to confirm the reality
of the western candidate cavity.
To estimate the kinetic power of the radio jets, we extracted
spectra from a set of circular annuli centred on the galaxy optical
centroid, with radii chosen to ensure a signal-to-noise ratio (S/N) of
125 in each annulus. We performed a deprojected spectral analysis
using a projct*phabs*apecmodel inXspec. The resulting entropy
and pressure profiles are similar to those of Lakhchaura et al. (2018).
Azimuthally averaged temperature (kT), electron density (ne) and
pressure profiles of the IGM are shown in Figure 11, where pres-
sure is defined as 2nekT. While the western candidate cavity is not
significantly detected, and we cannot be certain of the precise size
of either cavity, the negative residuals and the SW rim and SE arm
structures support the idea that the lobes have driven the IGM gas
out of the majority of their volume. We estimate the enthalpy of
each cavity as 4PV , where V is the volume and P the IGM pressure
at the radius of the midpoint of the cavity. Cavity dimensions and
enthalpies, estimated for both X-ray and radio-defined cavity sizes,
are shown in Table 9.
We estimate the uncertainty on the cavity enthalpy, and three
estimates of the cavity ages (buoyant rise time, sonic timescale,
and refill time) following the approach outlined in O’Sullivan et al.
(2011c). The jet power is defined as the enthalpy divided by the
cavity age estimates, and the resulting values are also shown in
Table 9. The unabsorbed deprojected bolometric X-ray luminosity
of the IGM within 79′′ radius of the nucleus (equivalent to the
distance to the tip of the west lobe) is [1.81±0.02]×1042 erg s−1.
This is somewhat greater than the jet power estimates for the west
lobe, but less than those for the east lobe. As is the case for many
other group and cluster-central radio galaxies, this suggests that the
AGN of NGC 1550 is capable of balancing radiative losses from
the IGM and preventing excessive cooling, providing that the AGN
jets are efficiently coupled to the IGM gas.
The strong asymmetry of the radio source, with the west lobe
twice as far from the galaxy as the east lobe, also suggests that the
development of the lobes has not been governed by simple buoyancy
forces.
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Figure 11. Azimuthally averaged deprojected radial profiles of gas temper-
ature, electron density and pressure in NGC 1550. The dotted lines mark the
radii of the centres of the radio lobes, the dashed line the outer edge of the
X-ray residual arc.
4 DISCUSSION
The correlated radio and X-ray structures in the core of NGC 1550
demonstrate the impact of the AGN jets on the hot IGM. Both lobes
appear to be associated with cavities, though we cannot confirm the
presence of a western cavity. We also see rims or arms of gas at the
edges of the lobes, suggesting that they have either uplifted material
from deeper in the core, or compressed the surrounding gas as they
expanded. Given the steep spectral index of the lobes, uplift seems
the more likely explanation, since if the lobes are old they are likely
to be in (or close to) pressure equilibrium with their surroundings,
and any compressed gas features will have long since dispersed.
However, the asymmetry of the radio source, with the west
jet roughly twice as long as its eastern counterpart, and the bend
in the west jet, suggest that uplift is not the only physical process
responsible for the observed morphology. A persistent pressure dif-
ferential between the two sides of the core could provide an expla-
nation. If the east jet were expanding into a higher pressure region it
might be confined at smaller radii while the west jet would be able
to expand further. However, there is no obvious cause for such a
long-term pressure differential; indeed the asymmetric X-ray mor-
phology suggests that, in the absence of other factors, the east jet
had a shorter distance to expand before exiting the densest part of
the core. The radio morphology is therefore the opposite of what
would be expected in this scenario.
4.1 Sloshing
The arc-shaped structure in the X-ray residual map may hold the
key to explaining the morphology of NGC 1550. The arc resembles
structures observed in simulations of sloshing, the periodic oscilla-
tion of a group or cluster core set in motion by the tidal forces of a
minor merger or flyby encounter. The oscillations occur in the plane
of the orbit of the infalling perturber. When this plane is close to the
plane of the sky, the sloshing produces a characteristic spiral pat-
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Table 9. Dimensions, enthalpies, dynamical age estimates and jet power estimates for cavities at the location of the radio lobes. Cavity semi-major and -minor
axes are given as rmaj and rmin, and their distance from the galaxy nucleus by R.
Cavity rmaj rmin R Pressure 4PV cavity age Jet power
tsonic tbuoy trefill Psonic Pbuoy Prefill
(arcsec) (arcsec) (arcsec) (10−11 erg cm−3) (1057 erg) (Myr) (1042 erg s−1)
Cavity size determined from the X-ray
East 23.2 9.0 35 6.62+0.68−0.34 2.68
+4.28
−0.79 12.8 27.9 37.0 6.64
+10.61
−1.96 3.05
+4.87
−0.90 2.29
+3.66
−0.68
West 15.9 7.3 57 4.00+0.28−0.14 0.80
+0.98
−0.27 19.8 52.6 33.0 1.28
+1.56
−0.43 0.48
+0.59
−0.16 0.77
+0.94
−0.26
Cavity size determined from the radio
East 26.7 9.7 30 6.62+0.68−0.34 3.82
+6.76
−2.80 11.0 21.3 36.4 11.05
+19.56
−2.93 5.69
+10.06
−1.51 3.64
+5.89
−0.89
West 20.8 10.0 60 4.00+0.28−0.14 1.20
+1.07
−0.30 27.1 48.6 37.5 1.82
+1.62
−0.46 0.78
+0.70
−0.20 1.01
+0.90
−0.26
Figure 12. Residual image of a sloshing galaxy cluster, derived from a
simulation in the Galaxy Cluster Merger Catalog. The sloshing is occurring
in a plane orthogonal to the plane of the sky, and is driven by the infall
of a 5:1 mass ratio gasless perturber. Note the bright arc east of the core,
indicated by arrows, marking the outer edge of the sloshing cold front.
tern in surface brightness residuals, temperature and abundances,
as cool, enriched gas is left behind by the motion of the core and
warmer gas is drawn inwards (e.g., Roediger et al. 2012; Gastaldello
et al. 2013; Ghizzardi et al. 2013; Su et al. 2017). However, when
the plane is orthogonal to the plane of the sky, our line of sight
passes through the spiral, producing alternating positive and neg-
ative arc-shaped residuals to either side of the core as in, e.g., the
galaxy group NGC 5044 (O’Sullivan et al. 2014) or galaxy clusters
such as Abell 1795 (Markevitch et al. 2001; Ehlert et al. 2015),
Abell 2219 (Canning et al. 2017) or Abell 1664 (Calzadilla et al.
2019).
The Galaxy Cluster Merger Catalog5 (ZuHone et al. 2018)
provides a set of simulated minor mergers designed to explore the
effects of sloshing on galaxy clusters. The simulations assume a
massive primary cluster (M200=1015 M , where M200 is defined
as the total mass of the system within a spherical volume whose
5 http://gcmc.hub.yt
interior density is 200 times the critical density of the universe) but
we are only interested in the shapes of structures produced by the
sloshing motions, which would be the same in a lower mass system.
We examined a set of simulations for a 5:1mass ratio merger with an
impact parameter of 500 kpc, a gas-free perturber and no viscosity.
The catalog provides simulated X-ray images at various stages of
the merger. We applied the surface brightness model subtraction
described in Section 3.3 to these images, creating residualmaps, one
of which is shown in Figure 12. Outside the bright core, the strongest
feature in the image is a bright arc east of the core, similar to the
arc we observe in NGC 1550. This arc consists of cold, enriched
gas drawn out of the cluster core by the sloshing motion, with its
outer boundary marking a cold front in the gas. The similarity to the
observed structure in NGC 1550 strongly suggests that the group is
also sloshing.
It should however be noted that in NGC 1550 the sloshing is
unlikely to be perfectly orthogonal to the plane of the sky, and that
the AGN jets will also have impacted the gas. We should not expect
the comparison with the simulated cluster to be exact; the observed
system is of course more complex than the simulation.
Figure 13 shows 0.5-2 keV radial surface brightness profiles
for NGC 1550, one extracted in a sector of opening angle 100◦ ex-
tending due east, the other a combination of two sectors extending
roughly northwest (15-80◦, measured from due west) and southwest
(270-325◦). Figure 9 shows the angular extent of the regions. The
eastern sector was chosen to cross the eastern arc identified in the
residuals to the surface brightness fit, the southwest and northwest
sectors to avoid any of the structures in the group core. There is a
clear excess in the eastern profile compared to the combined south-
west+northwest profile, centred at around 1.75′, corresponding to
the eastern arc, confirming the significance of this structure. The
surface brightness decline at the outer edge of the excess (∼135′′)
is quite steep, consistent with a change in gas properties across a
sloshing front.
We would expect material transported outward from the group
core by sloshing motions to be cooler and/or enriched compared to
its surroundings. To test this, we extracted spectra in the same sectors
used for the surface brightness profile and measured the projected
temperature and abundance, fitting a phabs*apec model in Xspec.
The resulting profiles are shown in Figure 13. We find that the
temperature profiles are similar and relatively flat in the range ∼60-
280′′, as is also the case for the deprojected azimuthally averaged
temperature profile of the group as a whole shown in Figure 11.
The temperature in the E profile peaks immediately outside the E
arc, while that in the NW+SW profile peaks at ∼80′′ and appears
to decline slightly outside that. The abundance profiles show larger
differences, with the E profiles showing higher abundances than the
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Figure 13.Radial profiles of 0.5-2 keV surface brightness, projected temper-
ature, and projected abundance, extracted from sectors extending east (blue
solid line, crosses) and a southwest+northwest (red dotted line, diamonds),
as shown in Figure 9. Error bars and diamonds indicate 1σ uncertainties.
The dashed vertical line marks 135′′ from the galaxy optical centroid.
NW+SWprofile at all radii. The difference is greatest in the fifth bin
of the profile, which corresponds to the region immediately inside
the E arc. However, the abundances are still higher in the E than in
the NW+SW profile, even at radii beyond the E arc. Deprojected
profiles in these sectors show the same trends, butwith poorer spatial
resolution, as we have to tie abundances between bins to achieve a
stable profile.
The change in temperature and abundance from the bin inside
the E arc to the bin outside itmeans that, in the absence of any change
in gas density, we would expect the 0.5-2 keV flux to drop by ∼10
per cent across the boundary. The surface brightness profile actually
declines by ∼16 per cent suggesting that there is also a decline in
density. However, the uncertainty on the surface brightness jump
is ±4 per cent so while the change in overall surface brightness is
∼4σ significant, deeper data would be needed to formally confirm
a density jump. The temperature increase across the boundary is ∼3
per cent meaning that the pressure difference across the boundary is,
within uncertainties, consistent with zero, as expected for a sloshing
front.
Overall, we consider these results to be consistent with slosh-
ing. The lack of a strong temperature jump is understandable given
the flat temperature profile at the radius of the E arc, while the
location of the largest abundance excess inside the arc is what we
would expect from sloshing. However, the presence of a smaller
abundance excess outside the arc suggests that enriched gas may
have been transported to larger radii. This could indicate that slosh-
ing has caused motions beyond the E arc, and that there are other
sloshing fronts to be found at larger radii. Alternatively, it may be a
sign that earlier periods of AGN activity have left the system with
an asymmetric abundance distribution.
Sloshing motions may also explain the asymmetry of the radio
source. If NGC 1550 is in motion relative to the gas around it, the
jets and lobes may be bent back, appearing to have unequal lengths
in projection. For example, if NGC 1550 were moving toward us
and to the east, a significant fraction of the length of the east jet
might be along the line of sight, while most of the west jet’s extent
would be in the plane of the sky. However, given the flattened shape
of the east lobe, it seems likely we are observing it from the side,
and that the original axis of the east jet was therefore close to the
plane of the sky. This suggests that much of the motion is to the
east, and that the jets were initially of roughly equal length, but the
galaxy has since moved closer to the east lobe. Relative motions
between the jets, lobes, nucleus and surrounding IGM could also
potentially explain the bend in the west jet.
We can make an order-of-magnitude estimate of the slosh-
ing timescale following the approach described by Churazov et al.
(2003), calculating the Brunt-Väisälä frequency at the radius of the
sloshing front r (Balbus & Soker 1990):
ωBV = ΩK
√
1
γ
dlnK
dlnr
, (3)
where K=kT/n2/3e is the entropy of the gas (as usually defined
in astrophysics, the true entropy being proportional to lnK),
ΩK=
√
GM/r3 is the Keplerian frequency, and γ=5/3. We take the
radius of the front to be r=135′′ (34.7 kpc) and determine the gas
entropy and total mass (M) profile from the deprojection analysis.
The sloshing period is given by P=2pi/ωBV but we might expect to
see a front after only half an oscillation, hence the sloshing timescale
may be P or P/2. On this basis, we estimate the age of the sloshing
front to be 40-80 Myr.
4.2 Uplift
The asymmetry of theX-ray emission in the group could in principle
arise either from uplift of gas by the radio lobes, or from gas being
drawn out of the core by the sloshing. Evidence of uplift by radio
galaxies has been observed in many clusters, both in the hot ICM
(e.g., Sanders et al. 2004; Simionescu et al. 2009; Kirkpatrick et al.
2009, 2011; O’Sullivan et al. 2011a) and in denser material associ-
ated with the cooling flows that fuel the AGN (e.g., Salomé et al.
2011; Russell et al. 2016; McNamara et al. 2016; Tremblay et al.
2018; Russell et al. 2019). The lobes can potentially uplift a mass
of gas equal to that which they displace, but simulations suggest
that the process would only be ∼50% efficient (Pope et al. 2010).
Assuming the lobes to be in the plane of the sky, and adopting the
volumes and deprojected profiles used in the calculation of cavity
enthalpy, we estimate that the east lobe could uplift ∼2.8×107 M
and the west lobe ∼0.8×107 M of gas.
The region of enhanced X-ray emission along the west jet is
∼6.5 kpc in width and extends ∼12.5 kpc from the nucleus to the
base of the west lobe. Excluding a 3.25 kpc radius core around
the nucleus, we can approximate the remaining volume along the
jet as a cylinder, which we estimate contains ∼2.1×108 M of gas
(assuming the gas to be evenly distributed). The west lobe could
only uplift ∼13% of this mass.
The properties of the gas along the west jet differ from the
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surrounding regions. Along the jet, the projected temperature is
1.22±0.01 keV and the abundance is 0.68+0.05−0.03 Z , compared to
1.40±0.03 keV and 0.51±0.05 Z in the gas north and south of
the jet. We therefore expect a difference in emissivity. Based on an
APEC thermal plasma model with Galactic absorption, we find that
the gas along the jet should be ∼1.4 times brighter than the gas to its
south. The actual difference in surface brightness is a factor ∼1.26,
though this valuemay be affected by structure along the line of sight.
The gas along the jet is therefore brighter primarily because it is
cooler and more enriched, consistent with this material originating
closer to the core.
We simulated the effect of uplift by creating a spectrum where
87% of the emission comes from 1.5 keV, 0.5 Z gas and 13%
comes from cooler gas with properties like those found in the core
of NGC 1550. Our deprojection analysis showed that in the central
2′′ of NGC 1550 the temperature is 1.14+0.04−0.05 keV and abundance is
0.85+0.40−0.25 Z . The simulated spectra were then fitted with a single
temperature absorbedAPECmodel.We find that evenwith only this
small amount of uplifted gas, it is possible to reproduce the apparent
enrichment along the jet, though slightly cooler gas than we observe
in the core would be required to reproduce the temperature. Given
that the core may have been cooler before the uplift occurred, and
that uplifted gas may cool adiabatically as it is drawn out into
lower-pressure regions, it is therefore plausible that uplift could be
responsible for the structure we see along the west jet. However, it
cannot explain the overall asymmetry of the X-ray emission. The
west jet is less able to lift gas than its eastern counterpart, but appears
to have travelled further and is associated with a greater extension
of the X-ray surface brightness. This is the opposite of what we
would expect if uplift were the only process at work. It therefore
seems certain that gas motions caused by sloshing have also played
a role in shaping these structures.
4.3 Radio source age and development
The radiative age estimates derived from the radio observations
(∼22-25 Myr for the lobes, ∼33 Myr for the source as a whole) are
shorter than, but comparable to the shortest timescale estimate for
the sloshing motions (∼40 Myr). The radiative age of the source
as a whole is in reasonable agreement with the range of dynamical
estimates for the cavities, at least for the refill (∼33-38 Myr) and
buoyancy (∼21-53 Myr) timescales. Comparison between the ra-
diative and dynamical timescale estimates for the individual lobes
is more complex. The radiative age of the west lobe (∼25 Myr)
is consistent with the sonic timescale (∼20-27 Myr, depending on
whether X-ray depression or radio lobe size is used), but is shorter
than the buoyant or refill timescales. For the east lobe, the radiative
age (∼22 Myr) is closest to the buoyant timescales (∼21-28 Myr),
longer than the sonic timescale and shorter than the refill timescale.
The lack of sharp features associated with the lobes indicates that
their motions are subsonic, therefore the sonic timescales are likely
underestimates of the true age. If sloshing has affected the devel-
opment of the source, we would also expect the buoyant timescales
to be affected, as the distance of the lobes from the AGN would no
longer be determined primarily by the buoyant rise time. We can
therefore only suggest that the range of the dynamical timescales is
comparable to, but may be somewhat longer than, the radiative age
of the lobes.
The morphology of the radio source, with its asymmetry and
the kink in the west jet, strongly suggests that it has been affected
by the motions of the surrounding gas. This is consistent with the
source being comparable in age to the sloshing motions. It seems
likely that sloshing would only have a limited effect on a radio
source during the period of jet activity, as young radio jets and lobes
will have internal pressures significantly greater than the additional
external pressure from the sloshing motions. It is clear that sloshing
motions can, and do, impact the location and shape of older radio
lobes within galaxy groups. Examples include NGC 5044, in which
sloshing appears to have bent an old radio jet and separated it from
its associated lobe (O’Sullivan et al. 2014), and NGC 507 where
the shape of the eastern lobes traces the inner edge of an X-ray front
whose origin is likely sloshing (Murgia et al. 2011; Giacintucci et al.
2011). We therefore consider it likely that the position of the two
lobes has been affected by sloshing, and that the cavity timescales
are probably underestimated for the east lobe, and overestimated for
its western counterpart.
If the radiative age is an accurate estimate of the true age of
the source, this suggests that the radio lobes have risen buoyantly
to their current location, with only a limited period of supersonic
jet expansion. If the jets are extended along the line of sight the
lobes may be more distant from the core than they appear. However,
the agreement between the various timescales suggests that any
line-of-sight extension is probably small. As argued previously, the
morphology of the radio source makes significant extension along
the line of sight seem unlikely, particularly for the east lobe, which
appears to be viewed edge-on.
Alternatively, the radio lobes might have remained close to the
core because they have become approximately neutrally buoyant.
There are a number of examples of group-central radio galaxies
with steep spectral indices whose lobes nonetheless remain close to
the group core, rather than having risen to large radii (e.g., NGC507,
NGC 1407, NGC 5903, Murgia et al. 2011; Giacintucci et al. 2012;
O’Sullivan et al. 2018). For radio galaxies whose jets have shut
down, the buoyant rise of the cavities would be slowed if the filling
factor of the relativistic plasma is reduced, for example if the radio
lobes begin to fragment, and become interspersed with clouds or
filaments of thermal IGM plasma (see, e.g., discussion for the FR-I
plumes and lobes of AWM 4, O’Sullivan et al. 2010). In NGC 1550
we do see evidence of cavities at least partly coincident with the
radio lobes, showing that they have excluded the IGM from a sig-
nificant part of their volume, but we also see some IGM structures
along lines of sight through the lobes. This could indicate that the
volume occupied by the radio lobes is smaller than we have as-
sumed. If the lobes are in fact complex structures with filaments or
clouds of IGM gas penetrating them, this might also increase the
drag, slowing any buoyant rise, and making it easier for sloshing
motions to move the lobes.
Overall, the development of the radio source is likely to have
been straightforward: 1) an initial phase of supersonic jet expan-
sion, unaffected by any motions in the IGM, since the jet internal
pressure would greatly exceed IGM pressure and the jet surface
area would be small; 2) the inflation of the lobes, with slower, per-
haps buoyancy-driven, expansion away from the core, during which
IGM motions would have begun to affect the development of the
source; 3) jet shutdown, after which the lobes would have expanded
toward pressure equilibrium, while their position would have been
determined by a combination of buoyant forces and IGM motion.
It is in this last phase that the source likely became so strikingly
asymmetric, and perhaps the west jet became kinked.
The similarity between the sloshing timescale and the radio
source age raises the possibility that the AGN outburst was triggered
by the same encounter which caused the sloshing. The impact of
the sloshing motions would be limited in the galaxy core, but could
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potentially have precipitated gas into the central SMBH. If the AGN
was triggered by cooling from the IGM, we might expect to see
evidence of cooling filaments, ionized or molecular gas. We do not
see such filaments in theChandra data, and the galaxy is undetected
in Hα (Lakhchaura et al. 2018) and CO (O’Sullivan et al. 2018). It is
of course possible that the outburst exhausted the available reservoir
of fuel, and (in combination with the sloshing) prevented further
cooling. However, the absence of a large reservoir might indicate
that only a limited fuel supply had built up before the sloshing
motions disrupted it, initiating accretion and the AGN outburst. A
more detailed understanding of the current state of the AGN and the
morphology of the radio jets and lobes might give a clearer idea of
its history and development.
4.4 Identifying a potential perturber
Sloshing is typically induced by a minor off-axis merger or fly-by
gravitational interaction. We might therefore expect some evidence
of a subhalo passing through or merging with the NGC 1550 group,
perhaps a single large galaxy or smaller group of galaxies. However,
NGC 1550 has relatively fewmassive galaxies in its neighbourhood.
Given the presence of a sloshing front to the east of the dom-
inant elliptical, we expect the sloshing to be occuring in a plane
east and west of the galaxy and along the line of sight. We can also
expect any perturber to be close to this plane; it is less likely to be
to the north or south of NGC 1550. Examining the volume of the
group, we find that the second brightest galaxy, UGC2998 is located
∼50′WNW of NGC 1550, with a velocity difference ∼400 km s−1
between the two. At our adopted distance for the group of 53 Mpc,
this is equivalent to 770 kpc. The velocity dispersion of the group
has been estimated to be σ=263±34 km s−1(Zhang et al. 2017) or
∼300 km s−1(Sun et al. 2003). The velocity difference suggests that
UGC 2998 is likely moving faster than this, but even assuming a
velocity of 600 km s−1, it would take >1 Gyr to travel from the
group core to its current position. Our estimate of 40-80 Myr for
the sloshing timescale only applies to the front we observe, and it is
possible that the sloshing extends to larger radii, with older fronts
still to be discovered. Nonetheless, UGC 2998 seems too distant to
be a credible perturber.
The next nearest galaxy of comparable brightness toNGC1550
(1.6 mag fainter in B-band) is UGC 3008, ∼17′ (260 kpc) WNW of
NGC 1550 and separated from it by ∼500 km s−1. Again assuming
a plane-of-sky velocity of 600 km s−1, it would take ∼420 Myr to
travel from the group core to its current position. If UGC 3008
is the perturber, this would certainly suggest that at least one more
sloshing front should be present. Examination of the archival XMM-
Newton data does not reveal such a structure, but the effect of the
point-spread function and instrumental structures may impact our
ability to detect it.
A third possibility is the elliptical IC 366, which lies ∼3′ SSW
of NGC 1550. The two galaxies are separated by <25 km s−1 in
velocity, suggesting that the motion of IC 366 relative to NGC 1550
is primarily in the plane of the sky. If IC 366 is moving away from
NGC 1550 at 600 km s−1, it would take∼75Myr to reach its current
position, comparable to the longer sloshing timescale, and about a
factor of 2 longer than the dynamical and radiative age estimates
for the radio source. However, IC 366 is relatively small (2.3 mag
fainter in K-band), would probably have to have passed very close
to NGC 1550 to cause the sloshing, and its position to the south
of NGC 1550 is not what we would expect given the shape of the
sloshing front. Considering these different options, we conclude
Table 10. Internal pressure (Prad) estimates for the east and west lobes, and
ratios of external to internal pressure.
Lobe Prad PIGM/Prad (1 + k)/φ
(10−12 erg cm−3)
East 5.20 12.7 340
West 4.24 9.4 160
that we cannot be sure what has perturbed the NGC 1550 group,
but that further investigation is warranted.
4.5 Pressure balance in the lobes
Our observations suggest that the radio lobes are old and probably
no longer powered by the AGN. It is therefore reasonable to assume
that they are passively evolving in pressure equilibrium with their
surroundings. A comparison between the IGM thermal pressure
and the apparent pressure in the lobes can provide information on
the particle content of the lobes. Typically, the lobes of FR I radio
galaxies have apparent internal pressures well below that of their
environment, suggesting that they are either out of equipartition, or
that they contain a significant population of non-radiating particles
(e.g., Feretti et al. 1992).
We estimate the pressure inside the lobes Prad based on the
minimumenergymagnetic field Bmin, their volumeV and the energy
of the electron population Ee using the equation:
Prad =
Bmin2
2µ0
+
(1 + k)Ee
3Vφ
, (4)
where µ0 is the permeability of free space (4pi×10−7 in SI units or 4pi
in cgs units), φ is the filling factor of the relativistic radio-emitting
plasma in the lobes, and k is the ratio of the energy in non-radiating
particles to the energy in electrons. The  factor represents the
ordering of the magnetic field, with =1 for a uniform field and =3
for a tangled field. We initially adopt =3, φ=1 and k=0.
The resulting lobe pressures are shown in Table 10. As is usual
for old FR I radio lobes, the apparent internal pressure is signifi-
cantly lower than the pressure of the surrounding IGM. This could
indicate that the lobes are out of equipartition, that the filling factor
of the radio plasma is less than unity, that there is a significant popu-
lation of non-radiating particles in the lobes (e.g., entrained thermal
plasma), and/or that our assumptions about the physical state of the
plasma are incorrect. Taking into account the dependencies of Bmin
and Ee on k and φ we estimate the value of (1 + k)/φ required to
reach pressure balance (also shown in Table 10).
Given the visible cavities, it seems unlikely that a reduced
filling factor can be responsible for the pressure imbalance, though
it may contribute. An inverse-Compton detection would allow us to
constrain the magnetic field and thus departure from equipartition,
but we see no evidence of such emission.We are thus left to consider
the possibility of additional non-radiating particles. These would
need to be entrained and heated by the jets, to a temperature where
their X-ray emission in the Chandra band was negligible, but not
to the point where they would contribute to radio emission. We
estimate the total energy of such a population would need to be
∼1.2×1057 erg, roughly 25-35 per cent of the enthalpy of the radio
lobes. Such a population of non-radiating particles is therefore at
least possible, though our data do not allow us to meaningfully
constrain their properties.
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5 CONCLUSIONS
In this paper we have presented a detailed morphological and
spectral analysis of the interesting radio source associated with
NGC 1550. Multi-wavelength GMRT and archivalChandra obser-
vations in combination with radio data from the literature, support
the idea that a sloshing event has played a role in affecting the struc-
ture of the radio source in NGC 1550. A summary of our results is
as follows.
• Our GMRT radio images at 235 and 610 MHz show an asym-
metric jet−lobe structure with a total size of ∼33 kpc at 235 MHz.
The west jet is found to extend twice as far from the nucleus as the
east jet, and the high resolution 610 MHz image reveals a kink to
the south at the base of the west jet and on the other side a bending
of the east jet towards the south while enclosed by the east lobe.
• The 235 − 610 MHz spectral index map of the source reveals
that both radio lobes present steep spectral index values ranging
between about −1.2 and −1.8 indicating the presence of an old
electron population. The eastern jet which is seen to be enclosed
by the eastern lobe, and the more extended and visible western jet,
present a similar spectral index value of α610MHz235MHz ≈ −1.2, which
indicates past activity.
• Combining the analysed GMRT data with radio flux density
measurements from the literature between 88 and 2380 MHz, we
find that a simple power-law model fit for the radio source gives a
steep spectrum of αinj = −1.37+0.01−0.06, indicating that it is dominated
by the radio lobes.
• The radio structure is found to be correlated with the X-ray
emission. The brightest X-ray emission, similar to the radio one, is
asymmetric being more extended to the west. We observe potential
cavities, rims and arms of gas associated with both radio lobes
which may have been uplifted by the cavity expansion. We estimate
the jet power to be a few 1042 erg s−1, which is comparable to the
bolometric X-ray luminosity within the region affected by the jets,
[1.81±0.02]×1042 erg s−1. This suggests that the AGN is capable
of balancing radiative losses in the cooling region. A much more
powerful outburst would be required to drive gas out of the group.
• We find a minimum energy magnetic field of Bmin ≈ 11µG for
the source in total. Assuming a magnetic field strength which mini-
mizes the combined energy in the magnetic field and the relativistic
particles, and a lower bound on the electron energy distribution of
γmin = 100 we fit a JP model in the observed 235 − 610 MHz
spectral index trend along the source and find a total radiative age
of trad ≈ 33 Myr for the radio source in NGC 1550. The radiative
ages in the various components of the radio source range between
trad ≈ 20 − 36 Myr.
• Wefind indications of sloshing inNGC1550 from the observed
arc-shaped structure in the X-ray residual map. We find that the
overall radiative age estimate derived from the radio observations
(∼33 Myr) is in reasonable agreement with the range of dynamical
timescale estimates derived from the X-ray data (20 − 50 Myr),
and is somewhat shorter than the shortest timescale estimate for
sloshing motions (40 − 80 Myr). The radiative age estimates for the
individual lobes (∼22 − 25 Myr) are at the lower end of the range
of dynamical age estimates, and about half the sloshing timescale.
From our data we cannot determine with certainty which galaxy is
the perturber of NGC 1550 with further investigation warranted.
• We conclude that the observed radio/X-ray structure in
NGC 1550 is most likely the combination of sloshing motions
with effects of buoyant forces from jet/lobe growth in the IGM.
Although NGC 1550 has been considered a relaxed system hosting
a decaying radio source, we find evidence that it has undergone a
recent minor merger.
Overall, the combined radio/X-ray study of NGC 1550 presented
in this paper reveals our ability to assess the dynamical state and
earlier merging history of the group. We suggest that the source un-
derwent an initial short phase of supersonic jet expansion followed
by the inflation of the lobes away from the core during which IGM
motions would begin to affect the source development. In the final
phase, the jet turned off leaving the lobes to expand towards pres-
sure equilibrium, with their structure governed by buoyant forces
and IGM motion. It is most likely that in this final phase the asym-
metric and kinked morphology of the radio source arose. As the
sloshing timescale and the radio source age are found to be simi-
lar it is possible that the AGN outburst was triggered by the same
encounter which caused the sloshing. In the future, this work will
benefit from high frequency radio observations of the NGC 1550
radio source that will help constrain the radiative age estimate and
from better X-ray data that will provide more information regard-
ing the existence of another sloshing front further out, which could
possibly constrain the nature of the perturber and provide clearer
insight into the relation between the processes involved.
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